Abstract: Background: We aimed to verify the accuracy of the Computational Fluid Dynamics (CFD) algorithm for blood flow reconstruction for type IIIb aortic dissection (TBAD) before and after thoracic endovascular aortic repair (TEVAR). Methods: We made 3D models of the aorta and its branches using pre-and post-operative CT data from five patients treated for TBAD. The CFD technique was used to quantify the displacement forces acting on the aortic wall in the areas of endograft, mass flow rate/velocity and wall shear stress (WSS). Calculated results were verified with ultrasonography (USG-Doppler) data. Results: CFD results indicated that the TEVAR procedure caused a 7-fold improvement in overall blood flow through the aorta (p = 0.0001), which is in line with USG-Doppler data. A comparison of CFD results and USG-Doppler data indicated no significant change in blood flow through the analysed arteries. CFD also showed a significant increase in flow rate for thoracic trunk and renal arteries, which was in accordance with USG-Doppler data (accuracy 90% and 99.9%). Moreover, we observed a significant decrease in WSS values within the whole aorta after TEVAR compared to pre-TEVAR (1.34 ± 0.20 Pa vs. 3.80 ± 0.59 Pa, respectively, p = 0.0001). This decrease was shown by a significant reduction in WSS and WSS contours in the thoracic aorta (from 3.10 ± 0.27 Pa to 1.34 ± 0.11Pa, p = 0.043) and renal arteries (from 4.40 ± 0.25 Pa to 1.50 ± 0.22 Pa p = 0.043). Conclusions: Post-operative remodelling of the aorta after TEVAR for TBAD improved hemodynamic patterns reflected by flow, velocity and WSS with an accuracy of 99%.
Introduction
Aortic diseases represent a clinical relevant problem characterised by a growing annual incidence [1] . Amongst these diseases, acute dissection, with tear formation in the inner lining of the aorta, is one of the worst cardiovascular emergencies, associated with considerable morbidity and mortality [2] [3] [4] . The concept of using thoracic endovascular aortic repair (TEVAR) for the management of acute type B dissection as an alternative treatment modality to open repair was introduced in the late nineties [5, 6] .
The onset, generation and progression of aortic dissection can be influenced by mechanical factors including hemodynamic, vascular geometry and mechanical properties of the aortic wall [7, 8] . Hemodynamic parameters are believed to play a crucial role in the formation and the progression of the dissection. Blood mass flow rate and wall shear stress (WSS) are the main parameters that change after aortic repair (TEVAR) [7, 9] . The blood flow pattern within the dissected aorta is dominated by locally highly disturbed and possibly turbulent flow with strong recirculation [10] . Therefore, in this study we focus on the evaluation of hemodynamic parameters such as mass flow rate and wall stress pre-and post TEVAR.
Computational cardiovascular mechanics has allowed scientists to create complex 3D models for the simulation of cardiovascular problems [11] . With the aid of computational fluid dynamics (CFD), simulations of blood flow in patient-specific aortic models were reported [12] [13] [14] . Application of computational methods, including the CFD technique in the topic of blood flow in vessels is widely described in literature [15, 16] . Previously, the CFD technique has been applied to assess blood flow hemodynamic in vessels after stent-graft implantation in aortic aneurysms [17] . The real three-dimensional geometry of vessels is usually reconstructed with the use of medical data acquired from CT or magnetic resonance imaging [18, 19] . Using this approach it is possible to measure hemodynamic parameters within 3D models that provide important information on hemodynamic changes within the true and false lumen after TEVAR for the treatment of acute type B dissection [20] .
Therefore, the aim of this study was to verify the accuracy of CFD-calculated changes in blood flow parameters within the aorta and aortic branches in patients with type B aortic dissection (TBAD) before and after TEVAR procedure. Further, we verified numerical results with USG-Doppler data and calculated accuracy by comparing numerical (CFD) and clinical (USG-Doppler) measurements.
Materials and Methods

Materials
In this study we used data collected from 5 male patients aged from 39 to 54 years after CTA (GE Light-Speed 64 VCT; GE Healthcare, Fairfield, CT, USA) and USG-Doppler (GE Vivid 7, GE Healthcare, Fairfield, CT, USA) who underwent treatment with vascular and endovascular procedures at the Medical University of Vienna between 2010-2014. Anonymized by coding information pre-operative (baseline) and post-operative CTA data (512 × 512 × 270 voxels, in-plane resolution of 0.78 × 0.78 mm, slice thickness 1 mm) from the aforementioned patients with acute complicated type B dissection formed the base of this study. Inclusion criteria comprise acute type IIIb aortic dissection that started proximal to the left subclavian artery and involved the renal arteries in each of the cases. Over the years 2010-2014, 7 consecutive patients with acute type B aortic dissection were identified. Of these, 2 had dissection limited to the thoracic aorta and were excluded. All of the remaining 5 with type IIIb dissection had TEVAR intervention and comprised the cohort of this study. The aortic reconstructions comprised implantation of a stent-graft in the distal aortic arch and the descending thoracic aorta (Left subclavian artery (LSA) covered) and the implantation of self-expandable stents into arteries (Table 1) . In all analysed cases, the TEVAR procedure led to thrombosis of the false lumen in the area of the descending aorta, which was not covered by the stent. The study was approved by the local Institutional Review Board (2069/2012). 
Computational Fluid Dynamics Analysis
Using Digital Imaging and Communications in Medicine (DICOM) data, patient-specific 3D computer models of the patients entire aortas were created as previously described [22, 23] . Briefly, on each DICOM picture, areas of interest were marked. Next, 3d reconstruction was built and applied to the CFD analysis. The models included data from the ascending aorta, aortic arch, descending thoracic aorta, abdominal aorta, iliac arteries, the "orifices" of the main aortic branches, the brachiocephalic trunk, carotid arteries, subclavian arteries, renal arteries, iliac arteries, and the endograft and stents placed during TEVAR (Figure 1) .
A CFD was utilized to simulate blood flow and WSS for one cardiac cycle as previously described [24] . The vessel wall area was treated as a rigid surface. Reconstruction of blood flow geometry was made using ANSYS ICEM CFD (ANSYS, Canonsburg, PA USA). The number of tetrahedral mesh elements for particular areas depended on individual geometry and changed from 900,000 to 1,000,000. CFD simulations were performed in ANSYS FLUENT 18.2 software (ANSYS, Canonsburg, PA, USA) as previously described [25] . In all cases we assumed that spatial configurations of analysed 3d geometries had one entry to the aorta, three outlets at the aortic arch, and eight in the middle of the aorta and four at the bottom. Moreover, multiple re-entry tears for the dissection part existed in all analysed cases. The mathematical domain was described with the boundary conditions as follow: at the inlet, an assumed condition of blood flow velocity was u = (u,v,w), while at the outlets the condition p = const was taken. We focused on blood hemodynamic changes in arteries where endografts and stents were placed to verify the accuracy of adjustment of calculated numerical results. We used data from USG-Doppler (GE Vivid 7, GE Healthcare, USA) gathered before and after surgical intervention in all patients. Each time inlet boundary condition was taken from USG-Doppler data recorded in the area of ascending aorta before and after surgical intervention. USG-Doppler data were presented as a blood velocity as a function of time including one whole cardiac cycle which was utilized in computer simulations. Moreover, USG-Doppler data were recorded before and after surgical intervention for all 15 different outlets for each analysed patient. Those data were further used for verification of the CFD model. Each time the USG-Doppler probe was placed in the area of the investigated outflow.
intervention. USG-Doppler data were presented as a blood velocity as a function of time including one whole cardiac cycle which was utilized in computer simulations. Moreover, USG-Doppler data were recorded before and after surgical intervention for all 15 different outlets for each analysed patient. Those data were further used for verification of the CFD model. Each time the USG-Doppler probe was placed in the area of the investigated outflow. To determine the boundary condition for CFD simulations, we prepared sixteen velocity profiles for each patient (one as an inlet boundary and fifteen for the outlets). We also set different pressure values at the outlets. The pressure values were measured for each patient; therefore, realistic resistance from upper and lower vessels that were not reconstructed was included as the pressure outlet boundary. Following Hoskins et al. [26] , blood density was assumed as a constant value of 1040 kg/m 3 . Because of the high cell number and particulate nature of erythrocytes, whole blood exhibits non-Newtonian rheology and belongs to the non-Newtonian liquids group thinning with an increasing value of shear stress. Therefore, Quemada′s model was used to describe the rheological properties of blood [27] .
In this paper we concentrated on the comparison of mass flow rate/velocity and WSS for the areas where endografts were placed and where changes in flow velocity and WSS after TEVAR were noticed.
Calculated results were verified with USG-Doppler data gathered from patients before and after the TEVAR procedure. The accuracy was calculated by comparing numerical (CFD) and clinical (USG-Doppler) measurements.
Statistical Analysis
Statistical analysis was performed using Statistica 12.0 software (Statsoft). Values were presented as mean ± S.E. (standard error) and the median and interquartile range as appropriate. Comparisons between post-and pre-TEVAR were made using the Wilcoxon Ranked Sign test or paired Student's t test after verifying normality and variance. Results from CFD were compared with USG-Doppler using Spearman's correlation analysis. Data were considered significantly different when p < 0.05 unless otherwise noted. Moreover, Bland-Altman method analyses were used to analyse the agreement between USG-Doppler and CFD data. To determine the boundary condition for CFD simulations, we prepared sixteen velocity profiles for each patient (one as an inlet boundary and fifteen for the outlets). We also set different pressure values at the outlets. The pressure values were measured for each patient; therefore, realistic resistance from upper and lower vessels that were not reconstructed was included as the pressure outlet boundary. Following Hoskins et al. [26] , blood density was assumed as a constant value of 1040 kg/m 3 . Because of the high cell number and particulate nature of erythrocytes, whole blood exhibits non-Newtonian rheology and belongs to the non-Newtonian liquids group thinning with an increasing value of shear stress. Therefore, Quemada s model was used to describe the rheological properties of blood [27] .
Statistical analysis was performed using Statistica 12.0 software (Statsoft). Values were presented as mean ± S.E. (standard error) and the median and interquartile range as appropriate. Comparisons between post-and pre-TEVAR were made using the Wilcoxon Ranked Sign test or paired Student's t test after verifying normality and variance. Results from CFD were compared with USG-Doppler using Spearman's correlation analysis. Data were considered significantly different when p < 0.05 unless otherwise noted. Moreover, Bland-Altman method analyses were used to analyse the agreement between USG-Doppler and CFD data.
Results
Flow Analysis
The CFD results indicated that in all analysed cases, the TEVAR procedure changed blood hemodynamics in aortic lumen and adjacent branches. As expected after TEVAR, more blood was directed into the true lumen due to complete closure of the false lumen (Table 2) . CFD results indicated a 7-fold increase in blood flow through the true lumen after TEVAR compared to pre-TEVAR (62.28 ± 1.23 mL/s and 9.02 ± 0.26 mL/s, respectively, p < 0.0001; Table 2 ). Calculated results were verified with USG-Doppler data, where an 8-fold increase in blood flow through the true lumen was noticed after TEVAR compared to pre-TEVAR (64.81 ± 0.89 mL/s and 8.07 ± 1.54 mL/s, respectively, p < 0.0001; Table 2 ). Therefore, we accomplished 96% and 90% accuracy for CFD results compared to USG-Doppler in the post-TEVAR and pre-TEVAR procedures (Table 2) . As post-interventional aortic remodelling contributes to blood flow distribution into aortic branches, we analysed changes in blood flow pre-and post-TEVAR with CFD and compared those results with USG-Doppler data. We recorded flow changes in three branches of the aortic arch-the brachiocephalic trunk, carotid artery and subclavian artery. CFD results indicated no significant change in blood flow through those arteries (Table 2) , which was verified with USG-Doppler data ( Table 2 ). The accuracy of CFD calculations in post-TEVAR was 97.8%, 97.7% and 98.5% for the brachiocephalic trunk, carotid artery and subclavian artery, respectively (Table 2 ) and 99.8%, 99.7%, 99.9% for the brachiocephalic trunk, carotid artery and subclavian artery, respectively, pre-TEVAR (Table 2 ). There was also a strong positive correlation between CFD and USG-Doppler data for all outflows (r = 0.942, r = 0.906, r = 0.948 for the brachiocephalic trunk, carotid artery and subclavian artery, respectively).
Also, CFD results indicated that catheter stent intervention in renal arteries contributed to a significant increase of blood flow post-TEVAR compared to pre-TEVAR (10.37 ± 0.63 mL/s and 9.33 ± 0.29 mL/s, respectively, p = 0.43; Table 2 ). This was in line with USG-Doppler data where increased blood flow post-TEVAR compared to pre-TEVAR was observed (9.84 ± 0.46 mL/s and 9.16 ± 0.38 mL/s, respectively, p = 0.043; Table 2 ). Also, a strong positive relationship between CFD and USG-Doppler data was shown (r = 0.784). Therefore, the accuracy of CFD calculations in post-TEVAR was 95% (Table 2 ) and 98.2% pre-TEVAR (Table 2) .
Finally, no significant change in blood flow in the iliac was detected post-TEVAR compared to pre-TEVAR (2.01 ± 0.07 mL/s and 2.14 ± 0.12 mL/s, respectively, p = 0.079; Table 2 ). This was in line with USG-Doppler data where blood flow slightly decreased after TEVAR (2.02 ± 0.15 mL/s and 2.24 ± 0.17 mL/s, respectively, p = 0.079; Table 2 ). The accuracy of CFD calculations post-TEVAR was 99.3% (Table 2 ) and 95.5% pre-TEVAR (Table 2) . Moreover, a strong positive relationship between CFD and USG-Doppler data was shown (r = 0.805).
After detailed analysis of changes in blood flow distribution post-and pre-TEVAR, we decided to analyse changes in blood velocity in two areas of the aorta: the aortic arch, where dissections began in all analysed cases and the renal arteries, where changes in blood flow were highest after TEVAR.
Appl. Sci. 2018, 8, 1309 6 of 14 CFD analysis in the area of the true lumen indicated a significant decrease in blood velocity post-TEVAR compared to pre-TEVAR (0.22 ± 0.03 m/s and 0.32 ± 0.01 m/s, respectively, p = 0.043; Table 3 ). Also, a significant decrease in velocity was observed for USG-Doppler data (0.23 ± 0.03 m/s to 0.29 ± 0.05 m/s, post-and pre-TEVAR, (p = 0.043; Table 3 ). The accuracy of CFD calculations was 96% post-TEVAR (Table 3 ) and 90% pre-TEVAR (Table 3 ). There was a moderate positive relationship between CFD and USG-Doppler data (r = 0.706). Contrary to the thoracic aorta, calculated blood velocity in renal arteries increased post-TEVAR compared to pre-TEVAR (0.36 ± 0.01 m/s and 0.32 ± 0.01 m/s, respectively, p = 0.043; Table 3 ). Analysis of USG-Doppler data in the same area confirmed a similar trend (0.34 ± 0.01 m/s vs. 0.32 ± 0.01 m/s post-TEVAR vs. pre-TEVAR, p = 0.043; Table 3 ). The accuracy of CFD calculations in the renal arteries was 95% post-TEVAR (Table 3 ) and 97.2% pre-TEVAR (Table 3) . Also, a moderate positive relationship between CFD and USG-Doppler data was shown (r = 0.661).
Detailed analysis of changes in blood velocity contours in the aortic arch and the left renal artery pre-and post-TEVAR is presented in Figures 2 and 3 , respectively. We observed high-velocity flow in the ascending aorta, with a pronounced jet into the dissection entry tear from the true lumen to the false lumen, and a slow-flow zone with recirculation patterns adjacent to the false lumen wall. Moreover, in our study the dissecting membrane created an artificial barrier characterized by high velocity (Figure 2) . Additionally, the post-operative character of velocity contours contours distribution was more uniform, and no cross-sectional flow between the true and false lumen was observed for all five analysed patients (Figure 2 ). Post-operative remodelling each time increased aortic diameter in the true lumen (Figure 2 ). Uneven distribution of blood flow contours accompanied by a thinner aortic wall within the dissection area increased the risk of further aortic wall remodelling. Therefore, in all five cases, remodelling with insertion of an endograft in the aortic arch closed the false lumen and directed blood through the true channel that improved blood rheology.
Furthermore, stent implantation led to an increased cross sectional diameter of the left renal artery, therefore ameliorating blood flow and decreasing pressure drag. The endovascular intervention separated the false lumen and directed blood flow through the true lumen leaving one channel. Post-operative remodelling each time increased blood velocity ( Figure 3) . Therefore, in all five cases, remodelling with insertion of an endograft in the renal artery improved blood rheology.
The difference between clinical and the predicted velocity changes (mL/s) across the aortic branches according to Bland-Altman analysis was 0.17 mL/s (confidence interval equal to 2.76 mL/s). The separate analysis of blood flow changes in the adjacent branches relative to measured values were lower in the case of the thoracic artery (0.95 mL/s; confidence interval equal to 5.85 mL/s), the brachiocephalic trunk (0.01 mL/s; confidence interval equal to 0.89 mL/s) and the iliac arteries (0.10 mL/s; confidence interval equal to 0.55 mL/s), while higher values of calculated blood flow profiles were noticed for the carotid artery (0.02 mL/s; confidence interval equal to 0.74 mL/s) and the renal arteries (0.17 mL/s; confidence interval equal to 2.05 mL/s).
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Moreover, a significant decrease of WSS values was observed in the thoracic aorta post-TEVAR compared to pre-TEVAR (1.34 ± 0.11 Pa and 3.10 ± 0.27 Pa, respectively, p = 0.043). A similar tendency was observed for the renal arteries (1.50 ± 0.22 Pa and 4.40 ± 0.25 Pa, post-TEVAR and pre-TEVAR, respectively, p = 0.043). The changes in WSS contour distribution in the thoracic aorta and left renal artery are presented in Figures 4 and 5 , respectively. At each time for all analysed patients, the pre-operative aorta had an irregular shape with numerous narrowing areas and unstable flow forced by the appearance of the two lumens (true and false). In our study the dissecting membrane created an artificial barrier characterized by high-WSS in the areas adjacent to the wall (4.7 Pa, Figure 4) . Therefore, in the true lumen, WSS was much lower than expected. The endovascular intervention for all five patients separated the false lumen and directed blood flow through the true lumen leaving one channel. This smoothed the blood flow in each analysed patient and caused a noticeable change in WSS from 3.5 Pa to 1.3 Pa after TEVAR.
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Discussion
The paper presents a computational approach to standardize the CFD technique for the virtual process of aortic dissection repair with the use of spatial configuration of human vessels. These results demonstrated that CFD simulation can accurately quantify changes in blood distribution, velocity and wall shear stress resulting from aortic remodelling after TEVAR for acute type B dissection.
The results from CFD calculations indicated that the TEVAR procedure improved general blood flow through the aorta and increased blood flow through the thoracic aorta and renal arteries, with a concomitant decrease of blood flow through the brachiocephalic trunk, carotid arteries, subclavian artery and iliac artery. Moreover, calculated values were in accordance with USG-Doppler data, i.e., 99.3 to 90%. Only for renal arteries were USG-Doppler investigations less accurate, but it is well known that exposure of renal arteries (especially in overweight patients) is sometimes difficult with this examination [28] . A similar approach was applied by Cheng et al. who successfully verified computational model with PC MRI [29] . Changes in velocity profiles were based on the changes in spatial configuration of the geometry of aorta and aortic branches. We noticed a higher-velocity profile and better velocity contour distribution in the aortic arch after endograft implantation as well as in the renal and iliac arteries after stenting. It was previously indicated that during dissection, around 80% of stroke volume enters the false lumen, which may further increase the dilation of the aorta [30] . Hence, implantation of an endograft in the thoracic aorta closed the primary entry to the false lumen and improved the flow profile. This is in line with Yu et al. (2016) , who noticed that there was no blood flow in the false lumen across the entry after its closure [31] . Moreover, high-flow conditions within the true lumen may stabilize the aortic integrity and limit aneurysm growth, as demonstrated previously [32] .
Analysis of 3D geometries confirmed that the appearance of wall dissection had an impact on blood hemodynamics. Higher WSS values and blood flow were observed in the area of dissociation. This is in line with Rudenick et al. who noticed that the existence of tears and their size had an impact on blood flow and velocity [33] . Also, Ahmed et al. indicated that a small tear decreased false lumen flow and velocity [34] .
We further showed that the TEVAR procedure decreased the WSS values and changed the WSS contour distribution in the thoracic trunk and renal arteries. Lower WSS within the aorta was a consequence of closure of the primary entry to the false lumen, which began in the aortic arch, and higher cross-sectional diameter of iliac and renal arteries. Previously, Karmonik et al. [35] stated that a tear at the aneurysm entry resulted in high wall shear stress and low total pressure. Also, Cheng et al. [10] reported high values of WSS around the entry tear inside the true lumen, which could increase the likelihood of tear expansion. Moreover, post-operative remodelling of the aorta leads to changes in the lumen cross-sectional diameter, which strongly correlates with peak wall stress [36] . Furthermore, peak wall stress values are influenced by vessel centreline asymmetry and maximum diameter [37] . Therefore, changes in WSS values in the aorta and aortic branches observed in patients treated for TBAD are strongly associated with an improvement of aortic geometry post-TEVAR.
Limitations to the Study
Although our study demonstrates the improvement of mass flow rate/velocity and wall stress after endograft implantation, it has some limitations. Firstly, unlike in humans, we treated the artery wall as a rigid body, therefore assuming that it had negligible influence on blood flow. However, this approach is in line with Duvernois et al. [38] , who showed that differences between blood flow distribution for rigid and pulsating walls are comparable. Secondly, we described blood rheological properties using the non-Newtonian shear-thinning Quemada model. This is in accordance with Xiang et al. [39] , who showed that non-Newtonian fluid reflects the real properties of blood and does not artificially increase WSS as the Newtonian approach does. Also, we analysed only acute type IIIb aortic dissection and the obtained data may not be applicable for other types of aortic dissections without initial verification. Moreover, small sample size could influence the obtained results. However, the patients were carefully selected; hence, we believe the obtained results may be applicable to similar cases. Finally, the CFD simulation accuracy depends on the resolution of CTA and USG-Doppler data. The higher the resolution, the better the 3d model and the final results of blood hemodynamic reconstruction. In our study we used 1 mm slides from CT scans, which gives an acceptable but not a perfect resolution. Therefore, it might influence the final results. However, given the highly viscous nature of the flow, it is likely that the overall flow patterns would be very similar to those presented here. The obvious next step would be to extend this study and analyse a wider group of patients with TBAD and determine the usefulness of the CFD technique in post-operative patient evaluation.
Conclusions
In summary, our study indicates that post-operative remodelling of the aorta after TEVAR for acute type B dissection improved hemodynamic patterns reflected by flow velocity and WSS. The calculated results were accurate, i.e., 90% to 99% with USG-Doppler data.
The proposed algorithm accurately mimic changes in blood distribution and velocity profiles after the TEVAR procedure in patients with TBAD. This model may be of further use pre-operatively to estimate how TEVAR procedures will influence blood hemodynamic in patients with TBAD. Therefore, it may become a useful non-invasive tool for the characterization of hemodynamic changes after endovascular treatment of acute TBAD.
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